Mycobacterial O-acyltrehaloses have been described as highly specific and sensitive reagents for tuberculosis immunodiagnosis. An O-acyltrehalose-containing lipid fraction from the rapidly growing Mycobacterium fortuitum was found to include additional antigens, which presented high cross-reactivity with sera from tuberculosis-infected patients. Based on a combination of selective chemical degradations, thin-layer-chromatography analyses and 1 H-nuclear magnetic resonance spectroscopy, the antigenic by-product was identified as 6,6P-dimycoloyl trehalose, the so-called cord factor. The lipid was purified and tested in ELISA for pulmonary tuberculosis serodiagnosis. Sensitivity and specificity of the test were found to be 66.6^74.1% and 95.2^99.0%, respectively, showing a slightly higher efficiency as compared to the ELISA performed using 6,6P-dimycoloyl trehalose from Mycobacterium tuberculosis. No cross-reactivity was found with sera from Nocardia-infected individuals. ß
Introduction
Tuberculosis (TB) remains one of the most important infectious diseases in humans, accounting for some two million deaths per year around the world [1] . With onethird of the world population suspected to be infected with Mycobacterium tuberculosis and, in addition, taking into account a fatal association with human immunode¢ciency virus (HIV) infection, an incidence of 200 million new cases is expected between 2000 and 2020 [1] . Because of the highly transmittable nature of TB, one of the main goals is the early treatment of active infectious cases. Thus, simple and accurate methods to detect TB active individuals are urgently needed. Today, the diagnosis of M. tuberculosis infection is most commonly based on ¢nd-ing acid-fast bacteria in sputum smears, a method with sensitivity ranging from 30 to 70% [2] . As a result, suspected cases which are negative to the smear test, must be de¢nitively diagnosed by the cultural identi¢cation of the bacillus. Culturing M. tuberculosis frequently takes 6^10 weeks [3] , can result in false-positive results [4] and is not accessible in many high prevalence areas of the world. For these reasons, the study of alternative methodologies for the rapid diagnosis of TB has been the subject of multiple investigations, and one of the most advantageous is immunodiagnosis. In fact, serological screenings are simple to perform, inexpensive and relatively non-invasive. Regarding this, the development of satisfactory immunodiagnostic tools needs both the selection of highly speci¢c antigens and the use of complementary antigenic combinations [5, 6] . Several protein and non-protein molecules from M. tuberculosis have been described as useful diagnostic reagents [3, 7] , but instant availability is critical if great populations are to be diagnosed. To overcome the drawbacks related to the long culture times and the need of highly specialized facilities to obtain antigens from M. tuberculosis, recombinant strategies have been developed for the production of mycobacterial proteins [8, 9] . In contrast, glycosylated non-protein molecules, which have proven to be essential since they greatly enhance both sensitivity and speci¢city of serological tests [5, 10] , cannot be produced by similar approaches. In a previous work, the use of a rapid-growing species, M. fortuitum, was proposed as a substitute source of two acylated trehalose antigens for TB immunodiagnosis [11] . During our work with clinical specimens using one of these glycolipids, 2,3,6-tri-O-acylated trehalose (TAT), it was observed that partially puri¢ed preparations of this antigen presented an unexpectedly strong reaction with sera from TB-infected individuals. We report herein the characterization of the partially puri¢ed TAT fraction and the identi¢cation of 6,6P-dimycoloyl trehalose (DMT) or cord factor from M. fortuitum, the antigenic contaminant, as a useful alternative antigen for the serodiagnosis of pulmonary TB.
Materials and methods

Bacteria
Mycobacterium fortuitum ATCC 6841 was grown as a surface culture in Sauton medium at 37 ‡C for 15 days. M. tuberculosis H37Rv, M. avium ATCC 25291 and M. chelonae ATCC 35752 were cultured in the same medium until early stationary growth phase. The cells were autoclaved and collected by ¢ltration.
Human sera
Fifty-four serum samples were obtained from patients with pulmonary TB attending the Infectology Hospital at the Medical Center 'La Raza' in Mexico City. All of these patients were diagnosed by acid-fast smear or by positive culture. The control group consisted of sera from 88 HIVnegative individuals from the blood bank of the National Medical Center 'Siglo XXI' in Mexico City, and 17 healthy individuals with documented tuberculin skin reactivity (10 PPD+, 7 PPD3). Five serum samples from actinomycetoma patients infected by Nocardia and presenting a positive serologic response to Nocardia protein antigens were obtained from the University Hospital at Monterrey, Mexico.
M. fortuitum lipid extracts
The lipids were extracted by incubation of the inactivated bacterial cells in chloroform/methanol (1:2, v/v) at 50 ‡C for 2 h, then in chloroform/methanol (2:1, v/v) at 50 ‡C for 2 h. The organic extracts were recovered and evaporated to dryness. The residue was partitioned in chloroform/methanol/water (4:2:1, v/v), as described by Brennan and Goren [12] , and the lipid-containing organic phase was evaporated.
The crude extract was dissolved in chloroform and applied to a Florisil column (55U2.3 cm), equilibrated in chloroform. Elutions were made with three bed volumes of chloroform, followed by increasing concentrations of methanol in chloroform (2, 4, 6, 8, 10, 20 and 30%, v/v) . A fraction enriched with 2,3,4-and 2,3,6-TATs (TAT-rich fraction) was obtained in the 10% methanol in chloroform elution. Puri¢ed TAT was obtained as previously described [11] .
Thin-layer chromatography (TLC) analyses of glycolipids
Total lipid extracts, lipid fractions and puri¢ed lipids were separated on silica gel-coated plates (Silica Gel 60, E. Merck, Germany) with chloroform/methanol (90:10, v/v) as solvent. Glycolipids were detected by spraying 0.2% (w/v) anthrone in concentrated H 2 SO 4 , followed by heating at 110 ‡C for 5 min.
Alkaline treatments of the TAT-rich fraction
Mild alkaline methanolysis was performed according to Brennan and Goren [12] . Brie£y, the lipids were dissolved in chloroform/methanol (2:1, v/v), and incubated at 37 ‡C for 60 min with an equal volume of 0.2 M NaOH in methanol. The reaction mixture was neutralized with acetic acid, evaporated to dryness, and extracted with chloroform. The chloroform phase was washed with water and dried.
Strong alkaline solvolysis was performed according to Da¡e ¤ et al. [13] : the lipids were saponi¢ed overnight under re£ux with 40% KOH in methanol/benzene (8:2, v/v). Then, the mixture was neutralized with acetic acid, dried and partitioned in chloroform/methanol/water (4:2:1, v/v). The organic phase was recovered and evaporated to dryness.
Puri¢cation of DMT
The TAT-rich fraction was submitted to precipitation in acetone at 4 ‡C. The pellet was precipitated again, dissolved in chloroform and passed through a Sep-Pack silica-gel column (Waters, USA), eluting with chloroform, then with methanol in chloroform (4, 6, 10% v/v). Fractions were analyzed by TLC. The puri¢ed glycolipid migrated as a single spot on TLC, showing similar R f and identical anthrone-staining to those of a standard DMT preparation from M. tuberculosis (Sigma, USA).
Analysis of mycolic acids released by puri¢ed DMT
Puri¢ed DMT from M. fortuitum was saponi¢ed with 40% KOH in methanol/benzene as described above. The mixture was acidi¢ed with 20% H 2 SO 4 and extracted by diethyl ether. Mycolic acids were esteri¢ed for 10 min at room temperature by using a solution of diazomethane, freshly prepared by the addition of 1 ml of an aqueous KOH solution (40% w/v) to N-nitrosomethylurea (0.33 g) in diethyl ether at 4 ‡C. The methyl mycolates were separated by TLC on silica gel-coated plates, using petroleum ether/diethyl ether (9:1, v/v, four runs) as the solvent [13] . Lipids were detected by spraying 10% phosphomolybdic acid in H 2 SO 4 , followed by heating at 110 ‡C for 5 min. Subclasses I^VI of mycolic acids were obtained by identical treatment of inactivated cells from the reference strains of M. tuberculosis, M. fortuitum, M. chelonae and M. avium.
Nuclear magnetic resonance (NMR) analysis
The puri¢ed lipid was dissolved in CDCl 3 /CD 3 OD and analyzed by proton NMR ( 1 H-NMR), using a Bruker AMX 500 spectrometer at 25 ‡C. The two-dimensional correlated spectroscopy (2D-COSY) analysis spectrum was recorded using software supplied by Bruker, and the chemical shift reference used was that of tetramethylsilane.
Enzyme-linked immunosorbent assay (ELISA)
ELISA was performed on polystyrene microtiter plates (Nunc immunoplates ; Polysorp, Denmark). The puri¢ed DMT was dissolved in n-hexane/ethanol (1:1, v/v) at a concentration of 0.01 mg ml 31 . On each well, 100 Wl was placed and the solvent was allowed to dry at 37 ‡C. Subsequently, the wells were saturated with 200 Wl of a 3% (w/v) bovine serum albumin (BSA) solution in phosphatebu¡ered saline (PBS) at 37 ‡C for 2 h, and washed three times with PBS. Then, 50 Wl of each serum, diluted 1:100 in PBS containing 0.3% (w/v) BSA, was added to the plates and incubated at 37 ‡C for 2 h. After ¢ve washings with PBS, 100 Wl of alkaline phosphatase conjugated to whole anti-human IgG (Sigma), diluted 1:15 000 in 0.3% BSA in PBS was added, followed by a 2-h incubation period at 37 ‡C. After ¢ve washings with PBS containing 0.3% BSA, 100 Wl of a p-nitrophenylphosphate solution (Sigma) 0.1% w/v in a diethanolamine bu¡er solution (pH 9.8) was added. After 20 min incubation at 37 ‡C, absorbance was read at 405 nm with a microplate reader (Model Opsys MR, Dynex Tech., USA). Data were obtained in triplicates and expressed as the mean optical density at 405 nm.
Results
Reactivity of a TAT-enriched fraction with sera from TB infected humans
In order to con¢rm preliminary observations about the unexpectedly strong reactivity with semi-puri¢ed TAT, a comparative ELISA was performed with 10 sera from clinically con¢rmed TB patients and 10 sera from healthy individuals, using both puri¢ed TAT and the TAT-enriched fraction as antigens. As shown in Fig. 1 , this assay showed that both lipid preparations were able to discriminate TB-infected patients and healthy controls with total speci¢city, indicating that contaminant by-products are not responsible for unspeci¢c antigenic recognition. Using a cut-o¡ point equivalent to the mean of healthy controls +2.5 standard deviations, the semi-crude TAT-enriched fraction appeared to be less sensitive than the puri¢ed TAT in these sera. However, serum IgG from some patients clearly presented stronger reactivity to the semicrude lipid fraction than to the puri¢ed TAT. These results thus show that a semi-puri¢ed and easy to obtain lipid fraction from M. fortuitum can be a useful immunodiagnostic reagent for pulmonary TB and suggest that unknown contaminant by-products in the TAT-enriched fraction present a humoral antigenic nature during TB.
Identi¢cation of the major by-product in the TAT-rich fraction
To identify co-eluting lipid components in the TAT-rich fraction which could be responsible for additional antigenic recognition, a combination of chromatography analysis and selective chemical degradations was used. Mycobacterial glycolipids can be classi¢ed according to their behavior towards mild-alkaline deacylation procedures [14] . Based on this, two classes of glycolipids can be easily distinguished: the alkali-stable glycopeptidolipids and phe- nolic glycolipids on one side, and the alkali-labile estercontaining glycolipids (such as O-acyltrehaloses and phosphatidyl inositol mannosides) on the other side. When the TAT-enriched fraction was submitted to a soft alkaline procedure, no more blue spots corresponding to M. fortuitum TATs were detected by anthrone detection on TLC, as expected (Fig. 2, lanes 1 and 2) . In contrast, an abundant spot, presenting a blue^gray color, appeared very evident (Fig. 2, lane 2) . Species-speci¢c mild alkali-stable glycolipids are known to be absent in M. fortuitum reference strains [15] . Therefore, with a refractory behavior to common deacylation procedures, a glycolipid structure with very hydrophobic fatty acyl chains was suspected. In agreement with this, when the TAT-rich fraction was submitted to strong alkaline treatment, especially designed for the scission of sterically hindered ester linkages [13] , no glycolipid was visible anymore on TLC analysis (Fig. 2,  lane 3) . Within mycobacterial extractable lipids, esters with highly hydrophobic fatty acids are mostly found in trehaloses linked to long-chain K-branched L-hydroxylated fatty acids (mycolic acids), i.e. the mono-and dimycoloyl trehaloses (MMT and DMT, respectively) [14] . Previous analyses of M. tuberculosis lipids have shown that MMT migrates very close to di-O-acylated trehaloses (DAT) in normal phase TLC [16] . Thus, a structure corresponding to the less polar DMT was presumed for the puri¢ed glycolipid, which presented a migration pattern closer to TATs.
Puri¢cation and identity of DMT from M. fortuitum
Taking advantage of the di¡erent lengths and solubility of the fatty acyl moieties in acylated and mycolyl trehaloses [14, 15] , DMT was obtained from TAT-enriched fractions by precipitation in cold acetone and further puri¢ca-tion was achieved by chromatography in a pre-packed silica-gel column. Puri¢ed DMT from M. fortuitum presented a single spot on TLC analysis, showing an R f similar to that of M. tuberculosis DMT (Fig. 2, lanes 4 and 5) . The fatty acids of the isolated compound, released after saponi¢cation with 5% KOH (w/v) in methanol/benzene and transformed into methyl esters, were analyzed by TLC. As shown in Fig. 3 , only alpha-and epoxy-mycolic acids, corresponding to the I-and V-mycolic acid subclasses typical in M. fortuitum [13] , were liberated by alkaline treatment of the puri¢ed glycolipid. To further con¢rm the identity of the compound, a 2D-COSY 1 H-NMR analysis was performed (Fig. 4) . Based on spectral data obtained with similar compounds [17] , the signal at 5.0 ppm was assigned to the anomeric proton resonance of both K-glucosyl residues, con¢rming an K,KP-trehalose structure, i.e. Glcp(1C1P)Glcp; the chemical shift values of the H5 and H6 protons ( s 4.0 ppm) clearly indicated that the mycolyl residues are linked to the primary hydroxyl groups on carbons 6 and 6P. In addition, the occurrence of mycolic residues was con¢rmed by the presence of proton resonance assignable to those of the K-(at N 2.38) and L-(at N 3.60) methines of these compounds. Altogether, these data con¢rm that the major puri¢ed byproduct in the TAT-rich fraction is DMT.
Evaluation of DMT from M. fortuitum for the serodiagnosis of TB
To determine the optimal concentration of DMT for enzyme immunoassays, ¢ve sera from patients with pulmonary TB and ¢ve sera from healthy controls were tested, using DMT concentrations ranging from 0.5 to 2.5 Wg/well. The results demonstrated that a maximum optical density response can be attained with 1.0 Wg DMT per well (data not shown), a concentration that was subsequently used in this study.
IgG antibody response to M. fortuitum DMT was examined in a group of 54 patients with active pulmonary TB and 105 healthy controls (Fig. 5) . This study clearly demonstrated that DMT isolated from the rapidly growing M. fortuitum can be used for discriminating patients with pulmonary TB. The test showed a sensitivity from 66.66 to 74.07%, with speci¢city values ranging from 95.24 to 99.05% (Table 1 ). In addition, the 10 healthy controls, known for being positive to the tuberculin-skin test, did not present positive seroreactivity to M. fortuitum DMT. When DMT from M. tuberculosis was tested in a simultaneous assay, the diagnostic e⁄ciency was very close, giving sensitivity values from 61.11 to 70.37% and speci¢city values from 97.14 to 98.09% (Table 1 ). All these results indicate that DMT puri¢ed from M. fortuitum can be successfully used for TB immunodiagnosis.
DMT is a cell-wall component of all mycobacterial species and related actinomycetes like Rhodococcus, Corynebacterium and Nocardia [14] . Because an increasing appearance of unusual TB-mimicking pulmonary infections has been reported in patients infected by HIV, of which nocardiosis is the most frequent [18] , the isolated DMT was also tested in sera from Nocardia-infected patients. As shown in Fig. 5 , DMT from M. fortuitum does not present cross-reactivity with sera from humans infected by Nocardia.
Discussion
The identi¢cation of antigens speci¢cally recognized by individuals with TB is an important step in the development of rapid tools for the diagnosis of TB. Immunodiagnostic methodologies are feasible, because strong antibody responses are generated during the disease. Nevertheless, incomplete information about humoral immunity during TB, known to be highly heterogeneous, has importantly limited the use of immunodiagnostic methods, which could be simple, inexpensive and rapid. Several studies on the serological response in TB-infected individuals have shown that no single antigen will probably su⁄ce for a satisfactory serological test [3,5^7,10] . Some of these studies have revealed that non-protein antigens, essentially glycolipids, must be included if highly speci¢c tests are to be obtained [5, 10] . Furthermore, in cases where glycolipid antigens have been tried for TB immunodiagnosis, an earlier response and a more constant e⁄ciency have been obtained [7,10,11,19^22] , which is probably related to the early anti-glycolipid response and its non-polymorphic nature in mycobacterial infections [23] . The use of non-protein molecules in TB immunodiagnosis, however, requires the involvement of slow and cumbersome steps for the preparation of antigens, as they are generally puri¢ed from M. tuberculosis [19^22] . One of the most promising glycolipid antigens for TB serodiagnosis is DMT isolated from M. tuberculosis, commonly known as cord factor. M. tuberculosis DMT has been reported to provide sensitivity values up to 81% with 100% speci¢city in the diagnosis of active TB, without interference of the tuberculin skin test response [21] . Its value in the diagnosis of extrapulmonary TB is supported by a study in which anti-DMT antibodies have proven to be useful to diagnose ocular TB [24] . Nonetheless, the di⁄culty to obtain DMT antigen from M. tuberculosis has been evidenced by the lack of reproducibility between di¡erent batch preparations [25] . Previous work has shown that the level of serologic response to DMT is greatly correlated to ¢ne structural features of the mycolic acid moieties [26] , and that the epitope of DMT, recognized by antibodies, is mycolic acid [27] . DMT is a molecule composed by a trehalose moiety and two mycolic acids (K-branched L-hydroxylated fatty acids) [14] . While DMT and mycolic acids are common in all mycobacteria and other actinomycetes, their long fatty acid chains present diverse structural details that have been exploited for chemotaxonomic di¡erentia-tions among actinomycetes [28] and among mycobacterial complexes [13] . DMT from members of the M. tuberculosis complex may contain any of three mycolic acid subclasses: type I (with unsaturated and/or cyclopropanic chemical functions), type III (with a methoxy group) or type IV (with a ketone function) [13, 29] . Since these ¢ne structural features, that characterize mycolic acid subclasses, seem to be essential for antigenic recognition [26, 27] , the use of mycobacteria other than TB as alternative sources of DMT appeared of little interest. M. fortuitum DMT is composed of the type I and type V mycolic acid subclasses, i.e. by unsaturated and epoxy-containing fatty acids [13] . In spite of all this, our results showed that DMT isolated from the rapidly growing M. fortuitum readily reacted by ELISA with sera from pulmonary TB patients, providing slightly higher diagnostic e⁄ciency than M. tuberculosis DMT and no interference with the tuberculin skin test response. Whether both mycolic acid subclasses from M. fortuitum can be recognized by antibodies from TB-infected humans is unknown. Since type I mycolic acid was only weakly recognized by sera from human TB patients [26] , it can be supposed that epoxymycolic acids, which, like M. tuberculosis type III and IV mycolates, possess an oxygen function, may present strong cross-reactivity with antibodies directed to M. tuberculosis DMT. In any case, our results demonstrate that the rapidly growing M. fortuitum can be used as a practical alternative source of DMT antigen for TB immunodiagnosis.
Because DMT, although structurally di¡erent, is also present in actinomycetes which are now frequently encountered in uncommon pulmonary diseases, we also looked for possible cross-reactivity of M. fortuitum DMT with sera from patients infected by Nocardia, the most frequently encountered actinomycete in TB-mimicking infections [18] . Individuals infected by Nocardia were all negative to our ELISA test with DMT. Most of the nocardiosis patients tested in this study were infected by N. brasiliensis, a species that rarely produces pulmonary infections. However, it has been reported that cross-reacting antibodies are commonly found in patients infected by di¡erent species of Nocardia [30] . Thus, the search for anti-DMT antibodies may also di¡erentiate between TB and unusual Fig. 5 . IgG responses in serum to M. fortuitum DMT. Sera from 54 TB patients, 105 healthy controls (HC) and ¢ve patients infected by Nocardia (NC) were tested by ELISA. Cut-o¡ points de¢ned as mean plus 2, 2.5 and 3.0 standard deviations of the HC group are depicted. Last, but no least, the present work shows that an easyto-obtain semi-crude lipid preparation from the rapidly growing M. fortuitum, a mycobacterial species much less pathogenic than the tubercle bacillus, can selectively recognize antibodies from humans with the most contagious form of the disease. This ¢nding is especially relevant since the widespread clinical use of immunodiagnostic tools to detect TB can only be envisaged if highly speci¢c antigens are readily available.
